Background and aim: The ability of inorganic nitrate and nitrite to convert to nitric oxide (NO), and some of its properties e.g. regulation of glucose metabolism, vascular homeostasis, and insulin signaling pathway, have recently raised the hypothesis that inorganic nitrate and nitrite could be potential therapeutic agents in type 2 diabetes. In this review, we reviewed experimental and clinical studies investigating the effect of nitrate/nitrite administration on various aspects of type 2 diabetes.
Introduction
Inorganic nitrate and nitrite are both naturally occurring as well as food additive compounds in the human diet. Vegetables and other plant based foods are the most common sources of dietary intake of nitrate and contribute up to 85 % total dietary nitrate intake; green leafy vegetables including lettuce and spinach, cabbage, rocket, red beetroot, and radish have higher concentrations of nitrate [1] . Drinking water could also provide considerable amounts of nitrate; main sources of dietary nitrite are processed meat and animal food products [1] . Because of the longterm concerns regarding adverse effects of dietary nitrate and nitrite such as acute toxicity, e.g. methemoglobinemia, production of N-nitroso compounds, carcinogenic properties and potential anti-thyroid effect, strict regulations and limitations have been legislated for nitrate/nitrite levels of drinking water and the use of nitrate fertilizer and food additives [2] .
Over the past two decades, data on a possible association between high nitrate/nitrite exposure and the risk of childhood type 1 diabetes is controversial; Virtanen et al. in 1994 showed that dietary intake of nitrite, but not nitrate, was positively related to the risk of type 1 diabetes in Finnish children [3] . Similar associations have also been reported by others [4] [5] [6] ; some studies however showed no significant association [7] . In contrast, recent investigations have highlighted the beneficial therapeutic effects of nitrate/nitrite against type 2 diabetes, properties attributed to the potential effects of nitrate/nitrite on their ability to convert to nitric oxide [8, 9] . Current evidence reveals that dietary nitrate/nitrite could restore NO homeostasis and maintain the steady-state NO levels in pathological conditions related to a disrupted NO pathway [10] . Some evidence also indicates that nitrate/nitrite-rich foods such as green leafy vegetables play a protective role against type 2 diabetes and cardiovascular disease [11] . It has also been suggested that high-nitrate content in the diet has a beneficial role in prevention of type 2 diabetes and insulin resistance [12] , to the best of our knowledge, so far there is no epidemiological study or clinical investigation to confirm or reject this hypothesis.
In this review we discuss the possible link between type 2 diabetes and nitrate/nitrite metabolism and also the potential effects of these compounds on improvement of glycemic control and prevention of type 2 diabetes complications.
The link of type 2 diabetes and nitrate/nitrite/NO pathway Nitrate/nitrite/NO pathway Currently, NO is considered as a biologically active hormone, with several functional properties, including regulation of vascular homeostasis and blood pressure, inhibition of platelet activation, regulation of energy and lipid metabolism as well as mitochondrial biogenesis, and modification of various physiological pathways [13, 14] . Impaired NO metabolism, especially reduced NO production and NO bioavailability, has been recognized as a risk factor for development of cardiometabolic disorders, especially vascular dysfunction, cardiovascular disease, chronic kidney disease, endocrine disorders, insulin resistance, metabolic syndrome, and type 2 diabetes [15] [16] [17] [18] .
Both enzymatic and non-enzymatic pathways have been identified for NO production. Conversion of L-arginine to NO via three isoforms of NO synthase (NOS) is the classical, recognized pathway, recent investigations however show that dietary inorganic nitrate/nitrite could act as a substrate or backup system for non-enzymatic endogenous generation of NO; studies have also revealed that administration of nitrate/nitrite is associated with NO-like bioactivity [19, 20] . The ability of nitrate and nitrite for production of NO, have highlighted the physiological importance and novel aspects of the nitrate/nitrite/NO pathway in health and disease [21] .
Impaired nitrate/nitrite/NO pathway and type 2 diabetes
It has been shown that, NO is implicated as a critical signaling molecule in glucose uptake, and inorganic nitrate and nitrite are highlighted as potential therapeutic agents in insulin resistance and type 2 diabetes [22, 23] . Findings from in vitro and animal investigations have raised the hypothesis that the nitrate/nitrite/NO pathway plays a plausible role in glucose homeostasis, insulin secretion, and insulin signaling [24] . A significant association between endothelial NO synthase (eNOS) gene polymorphisms and type 2 diabetes, as well as decreased eNOS expression in skeletal muscle, and reduced NO production and bioavailability in insulin resistance states, clearly underlines the role of NO and its metabolites in the development of hyper-insulinemia, insulin resistance, and type 2 diabetes [25] [26] [27] [28] .
On the other hand, growing evidence indicate undesirable changes in the metabolism of nitrate/nitrite and NO under diabetic condition. The impaired NO pathway in type 2 diabetes has been linked to consequent metabolic disorders and vascular complications [29] .
Some well known mechanisms could describe the impaired NO pathway in type 2 diabetes; first, chronic hyperglycemia, increased oxidative stress and nuclear factor κB (NF-κB) activation, as well as accumulation of advanced glycation end products (AGEs) in diabetic condition are the substantial disruptive factors in the nitrate/nitrite/NO pathway [30] ; second, increased plasma levels of asymmetric dimethylarginine (ADMA), an endogenous competitive inhibitor of NO synthase, in diabetic condition is also known as hyperglycemia-induced impairment factor of NO pathway [31] . Third, decreased NOS activity and production of NO from L-arginine as well as increased arginase activity, which leads to decreased L-arginine bioavailability and NO synthesis via NOS, are other disrupted pathways in NO homeostasis in diabetic conditions [32] ; finally, since activation of NOS is regulated by insulin and the Akt signaling pathway, impaired insulin secretion and insulin resistance due to diabetes could affect NO synthesis [33] (Fig. 1) .
The altered metabolism of nitrate and nitrite in diabetic condition
There is no consensus regarding the effect of type 2 diabetes on nitrate/nitrite metabolism; both increased and decreased serum and urinary concentration of nitrate/ nitrite were observed in type 2 diabetic patients (Table 1) . A comparison of 72 type 2 diabetic patients with 60 healthy controls showed a significant lower plasma level of nitrate in diabetic patients (24.9 vs. 100 μmol/l) [34] . In a casecontrol investigation, a lower nitrate/nitrite concentration was observed in type 2 diabetic patients without complications, compared to healthy controls (35 vs. 51 μmol/l); but the diabetic group with coronary artery disease showed a higher nitrate/nitrite level (58.9 μmol/l) [35] .
Increased serum levels of nitrate/nitrite were also found in type 2 diabetic patients; one study on microalbuminuric and normoalbuminuric type 2 diabetic patients, compared to healthy controls, showed a higher serum and urine nitrate/nitrite [36] . In this study, serum nitrate/nitrite concentration was correlated to estimated glomerular filtration rate (eGFR) values and urinary albumin excretion [36] . In another cross-sectional study, serum nitrate/nitrite concentration was significantly higher in subjects with metabolic syndrome (31.9 vs. 29.8 μmol/l) and type 2 diabetes (34.6 vs. 30.2 μmol/l) compared to controls [37] . Increased serum levels of nitrate/nitrite and enhanced NO production in diabetes could be a compensatory response to elevated insulin and oxidative stress; inhibition of endothelial NOS (eNOS) and induction of inducible NOS (iNOS) occurred in insulin resistance and inflammatory status, also increased nitrate/nitrite concentrations [38, 39] . A previous research showed that good glycemic control in type 2 diabetic patients decreased urinary nitrate/ nitrite fraction and a significant correlation between fasting plasma glucose and the urinary excretion fraction of nitrate/nitrite was observed (r = 0.12); this observation could raise the hypothesis that hyperglycemia affects renal nitrate/nitrite handling [40] .
Effects of nitrate/nitrite supplementation on type 2 diabetes and its complications Effects of dietary nitrate on glucose and insulin homeostasis: from experimental to human studies Findings of animal studies that investigated therapeutic applications of inorganic nitrate or nitrite in diabetic condition, are presented in Table 2 [41] [42] [43] [44] [45] . Intraperitoneal injection of sodium nitrite in rats, increased pancreatic islet blood flow without any effect on total blood flow of pancreas, and also enhanced plasma insulin concentration without any effect on glycemia. In vitro, sodium nitrite, dose-dependently in a wide concentration range (1-100 μm), stimulated insulin secretion from β cell under basal (5 mM glucose) but not under stimulatory (15 mM) conditions; sodium nitrate had no significant effects on insulin secretion. In this study, a novel indirect insulinotropic action of nitrite was also investigated by induction of the NO/guanylyl cyclase/cGMP signaling pathway at basal glucose conditions [41] . A 4-week administration of 50 mg/l sodium nitrite in diabetic mice also improved fasting glucose levels and reduced insulin concentrations; insulin-independent stimulatory effect of nitrite on glucose transporter type 4 (GLUT4) translocation found in cell-culture examination, suggested that nitrite could improve insulin signaling via restoration of NO-dependent nitrosation of GLUT4 signaling [42] . Longterm administration of nitrate (~100 to 300 g nitrate-rich vegetable, such as spinach, lettuce, or beetroot in humans) Chronic hyperglycemia, increased oxidative stress, NF-κB activation, and accumulation of AGEs 2) Increased plasma levels of ADMA, an endogenous competitive inhibitor of NO synthase 3) Decreased NOS activity and production of NO from L-arginine, increased arginase activity, decreased L-arginine bioavailability and NO synthesis via NOS 4) Impaired insulin secretion and insulin resistance. NO; Nitric oxide, NOS; Nitric oxide synthase, ADMA; Asymmetric dimethylarginine, NF-κB; Nuclear factor κB, AGEs; advanced glycation end products in eNOS-deficient mice reversed the prediabetic phenotype; in this study acute doses of inorganic nitrate increased circulating bioactive nitrogen oxides, and chronic administration of nitrate improved glucose homeostasis and decreased pro-insulin/insulin ratios compared to nontreated eNOS-deficient mice [46] . Figure 2 illustrates the main mechanisms that describe therapeutic effects of nitrate/nitrite on glucose homeostasis and insulin signaling. In brief, this figure shows that nitrate/ nitrite could increase insulin secretion by increase pancreatic islet blood flow and activation of guanylyl cyclase and the cGMP pathway; nitrate/nitrite also improve insulin resistance and glucose uptake by increase gene expression of GLUT4. Moreover, nitrate/nitrite increase nitrosation and insulin-independent translocation of GLUT4 and also increase glucose uptake by skeletal muscle and adipose tissue. Nitrate also inhibits the production of reactive oxygen species (ROS) in adipoceytes and dephosphorylation activity of protein-tyrosine phosphatase 1B, thereby facilitating phosphorylation of insulin receptor substrate and subsequently GLUT4 translocation and glucose uptake [43] .
Beyond in vitro and animal investigations, there is a growing interest for use of clinical trials to determine possible effects of nitrate-rich foods on glycemic control and insulin resistance. However, some beneficial effects were observed following nitrate/nitrite supplementation in humans, but a short intervention-period was an important limitation to confirmation of the expected properties.
Two-week supplementation with high-nitrate beetroot juice (~250 mg nitrate) in type 2 diabetic patients compared to depleted-nitrate beetroot juice (~0.002 mg nitrate), had no significant effect on insulin resistance and whole body glucose disposal, but it did improve simple reaction time as a measure of cognitive function [47, 48] . In this study, median serum concentrations of nitrate (150 vs. 31 μmol/, P < 0.001) and nitrite (390 vs. 232 nmol/l, P < 0.001) were significantly higher in the intervention compared to placebo groups [40] . In a randomized cross-over clinical trial of type 2 diabetic patients, acute intra-femoral infusion of sodium nitroprusside (a NO donor compound) compared to verapamil, resulted in greater glucose uptake independent of plasma insulin concentration [46] , but infusion of sodium nitroprusside or oral supplementation with nitrate (as isosorbide mononitrate or pentaerythritol tetranitrate) in healthy men had no effect on plasma glucose or insulin levels [49] . Moreover, consumption of beetroot juice had no considerable effect on postprandial plasma glucose and insulin levels in overweight and obese men [50] .
Effects of nitrate/nitrite on vascular function and blood pressure
It is well known that impaired vascular function, subsequent elevated blood pressure and vascular disease are important undesirable complications of developing insulin resistance and type 2 diabetes; hence therapeutic approach focusing on vascular dysfunction, is a priority in management of type 2 diabetic patients [51, 52] . The potential property of inorganic nitrate and nitrite to convert to NO, a key regulator of vascular homeostasis and a natural vasodilator, has highlighted these anions as therapeutic options in vascular abnormalities and hypertension states [53] . In animal models, administration of sodium nitrate enhanced revascularization, increased migration of bone marrow-derived cells to the ischemic-site, and attenuated apoptosis of regenerative myoblasts in ischemic tissue [54] . Supplementation with sodium nitrate in eNOS-deficient mice with features of metabolic syndrome reduced blood pressure [41] ; a similar effect was also observed following treatment with inorganic nitrate in hypertensive and eNOS deficient rat, against hypertension and myocardial ischemia-reperfusion injury [20, 55] ; these findings indicate the compensatory effects of exogenous nitrate for a disrupted nitrate/nitrite/ NO pathway and related disorders in pathological conditions. Administration of sodium nitrite in high-fat induced hypercholesterolemic rat models had anti-inflammatory effects and inhibits the leukocyte adhesion and emigration and prevented the vascular dysfunction [56] .
Findings from clinical studies also suggest that inorganic nitrate could be considered as a supplementary treatment in type 2 diabetes. Dietary supplementation with sodium nitrate at a dose of 150 μmol/kg body weight (~300 g spinach) could improve endothelial dysfunction and vascular stiffness in subjects with moderately increased cardiovascular risk [57] . Other cardiovascular protective effects including anti-platelet activity, hypolipidemic and anti-inflammatory effects, and improved blood flow in hypoxic and ischemic tissue have also been reported following nitrate/nitrite supplementation [53, 58, 59] .
Improvement of endothelial dysfunction and a blood pressure lowering effect of nitrate have been observed in several clinical investigations; a recent meta-analysis reported considerable decrease in systolic (−4.4 mm Hg; 95 % CI = −5.9, −2.8; P < 0.001) and diastolic blood pressure (−1.1 mm Hg; 95 % CI = −2.2, 0.1; P = 0.06) following supplementation with inorganic nitrate and high-nitrate beetroot juice [60] . Findings from another meta-analysis also report the beneficial effects of inorganic nitrate supplementation on vascular function [61] , effects which have not yet been confirmed in diabetic patients [47] . In a double-blind, randomized, placebo-controlled crossover trial, 2-weeks supplementation with 250 ml/d beetroot juice (7.5 mmol nitrate/d) or 250 ml/d nitrate-depleted beetroot juice (0.002 mmol nitrate/d), increased plasma concentration of nitrite and nitrate, but no significant changes was observed in systolic and diastolic blood pressures, or in macro-or micro-vascular endothelial function [60] .
Data shows that impaired metabolic pathways in diabetes could lead to diminished NO production and bioavailability, inactivated NO and impaired eNOS activity and endothelium-dependent vasodilatation [30, 62] , indicating Fig. 2 Proposed mechanisms of effects of nitrate/nitrite on glucose homeostasis and insulin signaling. Nitrate/nitrite increase insulin secretion by increasing pancreatic islet blood flow (1) and activation of guanylyl cyclase and cGMP pathway (2) . Nitrate/nitrite induce NO production and improve insulin resistance and glucose uptake by increasing gene expression of GLUT4 (3). Nitrate/nitrite increase nitrosation and insulin-independent translocation of GLUT4 and increase glucose uptake by skeletal muscle and adipose tissue (4) . Nitrate/nitrite also inhibits production of reactive oxygen species (ROS) in adipoceytes and dephosphorylation activity of protein-tyrosine phosphatase 1B and then facilitate phosphorylation of insulin receptor substrate and subsequently GLUT4 translocation and glucose uptake (5). ROS; Reactive oxygen species, IRS; Insulin receptor substrate, PI3K; Phosphatydal inositol 3 kinase, PKB; Protein kinase B, GLUT4; Glucose transporter 4, NO; Nitric oxide the NO-like activity and blood pressure lowering effects of dietary nitrate supplementation observed in healthy subjects, would be mild in diabetic patients. It should be mentioned here that supplementation with any of the bioactive food components has not yet been confirmed for use in people with diabetes [63] .
Effects of nitrate/nitrite on energy homeostasis and adipose tissue metabolism A significant association of serum NO and its metabolites with visceral fat and anthropometric measures, observed in a previous cross-sectional study [64] suggested that nitrate/nitrite/NO pathway may be important in energy homeostasis and adipose tissue metabolism, but the experimental effects of inorganic nitrate/nitrite in this field is still a controversial less documented issue. Although some animal investigations reported reduced weight gain and visceral fat accumulation following nitrate/nitrite administration [41] , other studies observed no significant changes in usual food intake or the trend of weight gain at various doses of nitrate and nitrite. Moreover, changes in adipose tissue morphology including decreased adipocyte size were observed after administration of sodium nitrite at doses of 50 and 150 mg/l in drinking water of diabetic rat models [43] . Evidence shows that inorganic nitrate enhances expression of thermogenic genes in both brown and white adipose tissue, increases oxygen consumption and β-oxidation of fatty acids, promotes the browning of white adipose tissue and induces anti-obesity effects [65] . More interestingly, it has been demonstrated that the nitrate/nitrite/NO pathway interacts with mitochondrion biogenesis and metabolism; inorganic nitrate could improve oxidative phosphorylation efficiency (P/O ratio), thermodynamic efficiency, and reduce the expression of ATP/ADP translocase, a protein involved in proton conductance, of the respiratory chain in mitochondria [66] .
Effects of nitrate/nitrite on lipid metabolism
The favorable effects on lipid and lipoprotein metabolism are other potential properties of inorganic nitrate/ nitrite. Administration of sodium nitrate in diabetic rat models significantly decreased serum triglycerides, total cholesterol and LDL-C and increased HDL-C levels [45] . A substantial decrease in TG levels was also observed in e-NOS deficient mice after treatment with inorganic nitrate [35] . In humans, 30-day supplementation with dietary nitrate in subjects at risk of cardiovascular disease normalized TG concentration [29] .
Other beneficial effects of nitrate/nitrite on diabetes complications
There is growing evidence that nitrate/nitrite supplementation, at a moderate dose (comparable with the normal human diet, provided 100-300 g of nitrate-rich vegetables via daily consumption), has interesting physiological functions which could be beneficial in the prevention of diabetesrelated complications. Anti-inflammatory and anti-oxidative effects of nitrate/nitrite as well as preventive properties against micro-and macro-vascular disorders and renal injury are important of these benefits [67] . Treatment with inorganic nitrate could attenuate reduced levels of total antioxidant capacity and catalase activity as well as increase the level of pro-inflammatory cytokines in diabetic condition [45, 67, 68] . Table 3 illustrates the potential beneficial effects of nitrate/nitrite supplementation against renal dysfunction in diabetic and other similar pathological conditions in animal models. 
Potential side effects of inorganic nitrate/nitrite
With respect to the reported adverse effects of nitrate/ nitrite, including both acute and chronic-subclinical toxicity, and also given the large number of ongoing researches in this field, it is essential to clarify the pharmacokinetics and potential side effects of nitrate/nitrite. Considering the increasing concern regarding high-doses of nitrite supplementation, it appears that the use of nitrate from natural sources is less hazardous [69] . Greenway et al. in a randomized crossover study of 12 diabetic patients, assessed the effects of 80 mg sodium nitrite with both immediate release and enteric-coated formulations on methemoglobin, sulfhemoglobin, blood pressure, pulse rate, complete blood count, chemistry panel, reported a good tolerance without any adverse events [70] . In another study, Mohler et al. also reported no adverse effect following supplementation with two doses of 40 and 80 mg sodium nitrite in patients with diabetes and peripheral artery disease [71] . However, the potential adverse effects of nitrate to generate peroxynitrite and reactive nitrogen intermediates, has been a main concern for a long time; more recent studies however reported no significant increase in the nitration reaction following supplementation of inorganic nitrate [66] .
Conclusion
Findings from in vitro and animal studies indicate that inorganic nitrate/nitrite could be considered as an alternative source of endogenous NO which could enhance the insulin signaling pathway, glucose uptake and attenuate insulin resistance and diabetes complications. Dietary nitrate/nitrite could also attenuate other disrupted NOdependent pathways including vascular function, regulation of blood pressure, mitochondrial biogenesis and energy homeostasis as well as adipose tissue metabolism, lipid and lipoprotein metabolism, in diabetes. There are many reasons to support the hypothesis whether a nitrate/nitrite rich diets provides an effective nutritional strategy for management of type 2 diabetes and prevention of complications. Long-term interventional studies with various doses and food sources of inorganic nitrate/ nitrite in human should be performed to confirm therapeutic properties and detect potential unwanted and adverse effects of these compounds.
